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The hard X-ray micro-focusing beamline (BL15U1) of SSRF is dedicated to hard X-ray micro/nano- 
spectrochemical analysis consisting of X-ray fluorescence (XRF), X-ray absorption spectroscopy (XAS) and 
X-ray diffraction (XRD) techniques. It is one of the most versatile instruments in hard X-ray microscopy sci- 
ence. Since its commission in 2009, BL15U1 has allocated over 25000 h beamtime for users, and about 700 
proposals have been executed. The beamline and the experimental end-station were upgraded for several times 
to facilitate the users’ experimental needs and make it more convenient to operate. In this paper, we give a 
review on the beamline, describing its characteristics, recent technical developments, and a few examples of 


scientific progresses achieved in recent years on BL15U1. 
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I. INTRODUCTION 


As one of the seven Phase I beamlines of Shanghai 
Synchrotron Radiation Facility (SSRF), BL15U1 is fully 
dedicated to hard X-ray micro/nano-spectrochemical non- 
destructive analysis, including X-ray fluorescence (XRF), 
X-ray absorption spectroscopy (XAS) and X-ray diffraction 
(XRD) in hard X-ray regime. The beamline permits studies 
in research fields of medicine, biology, earth and planetary 
sciences, environmental science, archaeometry and materials 
science, etc. The beamline provides a non-destructive investi- 
gation of the spatial distribution, concentration and speciation 
of trace elements that correlated to the morphology and crys- 
tallographic orientations, with spatial resolutions from a few 
micrometers to sub-micrometers. 


II. X-RAY SOURCE AND BEAMLINE OPTICS 


To minimize the gap and obtain continuous tuning curves 
in desired energy region, the light source of BL15U1 isa 2m 
in-vacuum hybrid undulator with 80 periods of 25-mm. It can 
generate 1—11 harmonics, and provide X-rays of 5—20 keV by 
tuning its gap from 6 mm to 20 mm. Its upper and lower poles 
can be adjusted independently, with the maximum gap taper 
adjustment range of 0-O0.2mm. Figure | shows a schematic 
optical layout of BL15U1. 
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Fig. 1. (Color online) Simple schematic optical layout of BL15U1 
at SSRF. 


The source light generated by the undulator is sized at 
379 um (horizontal) and 22 um (vertical), while the simula- 
tion results are 380 um and 24 um. Because of the large hor- 
izontal source size, two-step focusing scheme (prefocusing- 
microfocusing scheme) is adopted to obtain micro-sized fo- 
cused beam. The key optical components of the beamline 
include white beam slits, prefocusing mirror, double crystal 
monochromator and the secondary source slits. The white 
beam slits at 20 m from the source defines a beam acceptance 
of 80 urad x 50 urad for the downstream beamline. A toroidal 
mirror at 22.6 m from the source is used to demagnify the 
horizontal source by 2 : 1 and parallelize the beam in vertical 
direction. This toroidal mirror forms a secondary horizon- 
tal source, which is defined by the slits at 33.8 m from the 
source, enabling rapid change of focal spot size at the sam- 
ple position. Since the vertical source size is just 22 um, the 
toroidal mirror is designed as horizontal reflecting. Thus, the 
effect of figure error to the beamline performance is greatly 
reduced. A double crystal monochromator is used to select 
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TABLE 1. Energy resolution (in eV) at the monochromator and the sample 


X-ray energy (eV) 6500 
Bandwidth of mono-chromator Si(111) (eV) 0.842 
Bandwidth at sample (eV) 0.853 
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Fig. 2. (Color online) Shape and size of the focus beam without (a) and with (b) refinement of the X-ray beam by the secondary source slits 


at 30 um (horizontal) and 300 um (vertical). 


the desired photon energy. A K-B mirror microfocusing sys- 
tem at 39.2m from the source is used to focus the beam on 
the sample, with a pair of focusing mirrors in focal lengths of 
517 mm (vertical) and 270 mm (horizontal). 


In order to calculate characteristic parameters of the beam- 
line, the tracing software Shadow VUI was used to sim- 
ulate the beamline performance, such as the photon flux, 
focal spot size and energy resolution at the sample, the 
transmission characteristics and thermal load distribution of 
the main components, etc. The simulation was done un- 
der the following parameters [1]: white beam slits opening, 
1.7mm x 0.8mm; length of prefocusing mirror, 800 mm; the 
K-B system: length of horizontal mirror, 16 cm, length of ver- 
tical mirror, 12 cm; grazing incident angle, 3.5 mrad; the sec- 
ondary source slits and the entrance slit to K-B mirrors were 
opened completely. Reflector figure error and the first crystal 
deformation acted in monochromator were taken into account 
in the simulation. 


Here we give just the main calculation results of the fo- 
cused beam at the sample. The incident divergence angle of 
the monochromator was about 1 urad (FWHM). Taking into 
account the hot deformation of the crystal, the output diver- 
gence angle was about 7 urad (FWHM). As the divergence 
angle is much smaller than the crystal’s Darwin width, energy 
resolution of the monochromator shall be close to its intrinsic 
resolution. The calculated energy resolution is shown in Ta- 
ble 1. It can be seen that the X-ray energy resolutions at the 
sample are very close to the intrinsic bandwidth of monochro- 
mator Si (111). This means that the energy resolution meets 
the requirements of u-XAFS experiments. 


The K-B mirrors are in helium environment and the 
atmospheric transmission distance to the sample is about 
10cm. An X-ray beam, without refinement by the secondary 
source slits, can be focused to 7.7 um x 2.2um (H x V) 
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Fig. 3. (Color online) Energy spectra at the sample (Si(111)), with 
the grazing incident angle of the micro focus mirror being 3.5 mrad. 


at the sample (Fig. 2(a)). Refining the X-ray beam size to 
30 um x 300 um using horizontal and vertical slits of the sec- 
ondary source, the focused beam size at the sample is calcu- 
lated at 1.1 um x 1.6 um (H x V) (Fig. 2(b)). 
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Fig. 4. (Color online) Measured results of the energy range. 


As the horizontal source size is larger than the vertical, the 
refine condition is not consistent with each other. Figure 3 
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TABLE 2. Parameters of the undulator source for the BL15U1 beamline (In-vacuum undulator U25) 


Source Design specifications 


Measurement results 


5-20 keV 
< 2 x 1074 Si (111) 
< 2um x 2 um (Hx V) by K-B mirror 


Energy 
Energy resolution (AE /E) 
Minimum beam size (FWHM) 


< 0.2 um x 0.2 um (Hx V) by zone plate 


Photon flux (@10 keV) 
Beam position stability 
Experimental techniques 


1010-101! photons/s/um?(0.1% BW)~ t 
< 1um/8h 
u-XRF, u-XAFS, u-XRD 


Sample 
Manipulator 


Beam 


4.96-20.1 keV 

< 1.37 x 1074 Si (111) 

< (1.60 + 0.19) um x (1.81 + 0.01) um)(Hx V) by K-B mirror 
~ 150nm x 150 nm (Hx V) by zone plate 

1.81 x 10+! photons/s/um?(0.1% BW)7* 

< 1um/8h 

u-XRF, u-XAFS, u-XRD 
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Fig. 5. (Color online) Schematic layout of the microprobe setup. 


shows the calculated energy spectra at the sample (Si(111), 
with the grazing incident angle of the micro focus mirror be- 
ing 3.5 mrad). The black line is without refinement of the 
secondary source slits, while the red line is with the refined 
the X-ray beam (30 um x 300 um). For p-EXAFS analysis, 
because of the high flux density, total flux requirement is rel- 
atively low, and 10!°-10!! photons/s flux can meet the most 
requirement; while for u-XANES analysis, meaningful ex- 
periments can be carried out with 10° photons/s flux. There- 
fore, performance of BL15U1 can meet the high spatial reso- 
lution and high sensitivity requirements for u-XRF, u-XAFS 
and u-XRD experiments. Table 2 lists the main specifications 
of BLISU1. Here we give just the test condition of energy 
range as a typical example to show the measured results of the 
beamline performance. Test conditions for Cu and Mo: beam 
current, 158mA; undulator gap, 8.74mm; taper, 0.12 mm; 
and the secondary light source slits, 50 um x 300um. Test 
conditions for Ti: beam current, 133.9mA; undulator gap, 
7.738 mm; taper, 0.12mm; and the secondary light source 
slits, 500 um x 500 um. Each energy integral is one second. 
The results are shown in Fig. 4. The absorption edge of Ti is 
the cumulative result of five tests. The test results show that 
the photon energy range covers 5—20 keV and achieves the 
design target. Other test processes were not shown detailedly 
here. From Table 2, desired energy resolutions are achieved. 
The minimum focal spot size is better than 2 um by K-B mir- 
rors, and 150 nm resolution can be achieved by using zone 
plate focusing. 


Il. ENDSTATION 


A. Microprobe setup 


In the experiment hutch, the microprobe setup is installed 
on a granite table of 3m(l) x 1.5m(w) x 0.4m(h), which 
offers high rigidity and stability for equipment installation. A 
schematic layout of the microprobe setups is shown in Fig. 5. 
The K-B mirror system produces high-flux beam of micron 
spot size in the photon energy range of 5—20 keV. 


B. K-B mirrors 


The K-B mirror system (IDT Inc, UK) is located at 39.2 m 
from the X-ray source. The horizontal and vertical mirrors 
are 24cm in length. A picture of the K-B mirrors system 
is shown in Fig. 6. The required elliptical mirror surface is 
produced by using two asymmetric bending moments on both 
ends of the mirror. By remote-control, the K-B mirror optics 
can be moved into the beam by translation motion and tilted a 
specific glancing angle to reflect the beam and focus a desired 
image point by adjusting mirror curvature. 


C. Sample stages 


A 7-axis sample stage (KOHZU, Japan) is used for sample 
positioning and 2-D or 3-D mapping experiments (Fig. 7). 
The XYZ stages have a scanning precision accuracy of 
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Fig. 7. (Color online) Sample stage. 


100 nm, with the encoder resolution of 50nm. The manip- 
ulator has a load capacity of 2.3 kg. 


D. Detectors 


Detectors of the beamline include: a mini-ionization cham- 
ber (2 cm thickness) from ADC, USA; three ionization cham- 
bers with the electrode lengths of 5cm, 14cm and 28cm, 
from OKEN, Japan; a 7-element Si(Li) detector (e2v, USA) 
with high speed XIA DXP electronics, for fluorescence detec- 
tion; two single Vortex-90EX Si drift detectors (SDD) from 
SIL, USA, which provide excellent energy resolution and high 
output counting rate (< 136eV@5.9 keV, at 100 kcps count- 
ing rate); and a Mar165 CCD, for X-ray diffraction experi- 
ments. 
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E. Zone plate nanoprobe setup 


An overview of the experimental arrangements of hard X- 
ray nanoprobe is depicted in Fig. 8. The zone plate nanoprobe 
is composed mainly of three parts: a) focusing optics module 
including zone plates and an order-sorting aperture (OSA), to 
focus hard X-ray beams to nanoscale; b) sample module in- 
cluding a piezo stage, to raster the sample on the beam; and c) 
detector module including a visible light microscope (VLM) 
to visualize the regions of interest of the sample and align the 
optical elements such as zone-plates and OSA, and the SDD 
to detect trace elements. The VLM not only plays an “eye” 
role for sample searching, but also aligns all main optical el- 
ements (zone plates, OSA) with YAG-crystal in optical path. 
To avoid collision, the sample stage and VLM share the same 
heavy motor along the beam direction. The zone plates pro- 
vide practical diffraction efficiency of ~5% and a monochro- 
matic beam flux of about 4 x 10° photons@10 keV. The re- 
sulting spot size at the focal plane of 135 nm x 145 nm (V x 
H) is shown in Fig. 9. 


Fig. 8. (Color online) Overview of the experimental arrangements 
of zone plate nanoprobe. 


F. Other instruments 


An online microscope for sample alignment is installed 
above the stage at 45° of the beam direction. Another mi- 
croscope is installed along the beam direction downstream to 
the sample. Two offline microscopes are available for users 
to prepare experiments. A LINKAM temperature controlled 
stage (TMS-600) is available for users. The temperature is 
adjustable from —196 °C to 600 °C with 0.1 °C precision. 


IV. METHODOLOGY AND DEVELOPMENT 


On BL15U1, 2D-mapping experiments of u-XRF, u-XAS 
and u-XRD can be performed. 
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Fig. 9. (Color online) Focused beam profiles taken at 10 keV by 
means of Ni (silicon chip coating with nickel). 


A. Micro X-ray fluorescence 


XRF spectroscopy is a powerful non-destructive method 
for analysis of trace elements for researches in geology, 
archaeology, biomedical science and material science, etc. 
BL15U1 enables XRF multi-element mapping and quanti- 
tative analysis (down to sub-ppm level) with a micro- or 
submicro-sized beam. Geometry of BLISU1 XRF analysis 
is shown in Fig. 10. The sample is placed at 45° to the beam 
incidence, while the X-ray detector, either Si(Li) or SDD, is 
perpendicular to the beam incidence. An ion chamber is used 
for measuring the incident photon intensity. An optical mi- 
croscopy is faced to the sample holder for sample observa- 
tion. Two codes, GeoPIXE [2] and PyMCA [3], are available 
for quantitative analysis. The scanning -XRF is performed 
in step-by-step mode. The XRF spectrum of each pixel is 
saved by sequence for quantitative analysis. Regions of in- 
terest (ROIs) in a spectrum can be selected. Once ROIs are 
created, they are applied to all spectra. ROIs can be used to 
generate multi-element 2D images. 

On BL15U1, a user group developed a method for quan- 
titative imaging of trace elements in sections of bio-tissues 
using -XRF analysis [4]. Another user group used u-XRF 
to study the varved sediment of lakes and the modern process 
of ancient climate index [5-7], finding that u-XRF provides 
a potential tool for high resolution in-situ elemental analy- 
sis of sedimentary sequences [8]. The -XRF has also been 
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Fig. 10. (Color online) Geometry of u-XRF analysis on BL15U1. 


applied in nanobiology to study location and biodistribution 
of nanoparticles in tissues [9] and even in a single cell [10— 
13], assisting to clarify their biological effect with other tech- 
niques. Besides, the fast scanning u-XRF imaging based on 
the EPICS platform has been realized on BL15U1. This tech- 
nique integrated multi-functions such as the precise motion 
control, light intensity and fluorescence probing, etc. By us- 
ing this on-the-fly XRF imaging technique, elemental distri- 
butions of Cu, Zn, K and Fe in murine spleen slice were im- 
aged in 140 min (at 10 keV, beam size 5 um x 5um, scanning 
time 0.02 s/point, 530 x 647 pixels) [14], rather than dozens of 
hours by conventional XRF technique dozens of hours were 
needed. Figure 11(a) shows that the on-the-fly XRF imag- 
ing technique made a qualitative leap in the acquisition speed 
under the premise of high quality for fluorescence data. 


Normalized absorbance (a.u.) 


11840 


11880 
Energy (eV) 
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Fig. 11. (Color online) (a): Spatial distribution of As and S in a 
nail section (red line) by u -XRF mapping (©, the margins; @, 
the intermediate). (b): As K-edge u -XANES spectra of standards, 
one nail (three spots marked with numbers in (a), 73.1 ug As/g) and 
three individual hair samples (17.2 ug/g in a, 21.6 ug/g in b, and 
17.7 ug/g in c). Experimental spectra are displayed as dashed lines. 
The red lines are the fit results; lines in different colors represent 
standard references. The solid and dashed vertical lines represent 
the As(Glu), and As(V) absorption edge, respectively. The inset 
percentages represent the As(Glu), proportion. 
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DAC frame 


Fig. 12. (Color online) Left: Layout of u -XRD; Right: Sample stage. 


B. Micro X-ray absorption spectroscopy 


X-ray absorption near edge structure (XANES), also 
known as near edge X-ray absorption fine structure (NEX- 
AFS), is the region of X-ray absorption spectrum within 
~ 50eV of the absorption edge. The XANES region is 
sensitive to oxidation state and geometry of the absorbing 
atom. Much chemical information can be extracted from the 
XANES region: formal valence (very difficult to experimen- 
tally determine in a nondestructive way); coordination en- 
vironment (e.g., octahedral or tetrahedral coordination) and 
subtle geometrical distortions of it. Compared with EXAFS, 
XANES has several advantages. For instance, an XANES 
spectrum is measured simply and quickly as it concentrates in 
a small energy region; it can be recorded at reaction temper- 
ature due to its weak temperature dependence; it is sensitive 
to chemical information such as valence and charge transfer; 
and it can probe unoccupied electronic states, which is im- 
portant in chemistry. Besides, XANES is often used as sim- 
ple “fingerprint” to identify presence of a particular chemical 
species [15]. 

Generally, XANES spectroscopy is performed using mm- 
sized X-ray beams, measuring absorption coefficients inte- 
grated over a relatively large volume. With high brightness 
of synchrotron radiation sources and the new developments 
in the X-rays focusing devices, the intense micro-focusing 
X-ray beams enable XANES experiments in sub-micro spa- 
tial resolution. Currently, BL15U1 has a beam size down to 
2um by using the K-B mirror for the -XANES measure- 
ment, which paves the way for a new level of experimen- 
tal analysis of the heterogeneous samples or individual small 
structures in biological, environmental and materials science 
for the domestic users. 

The photon energy range of 5—20 keV covers K- or L- ab- 
sorption edges of most elements. Micro-XANES measure- 
ment can be performed in transmission or fluorescence mode. 
In transmission mode, ionization chambers of an appropriate 
gas are used for monitoring the incoming and transmitting 


beam intensity, while in fluorescence mode Si(Li) or SDD 
is used to detect the X-ray signals. Currently, 80% of the 
users use u -XRF measurements while doing their -XANES 
experiments. Generally, 2D elemental mapping by -XRF 
is performed first, followed by u-XANES measurements to 
determine the local atomic environment and chemical state 
of selected elements in microdomains. Especially, users of 
life science and environmental science prefer combining u- 
XANES with u-XRF [16-19]. For example, to systemat- 
ically understand the health risks induced by As ingestion, 
Cui et al. adopted u-XRF and -XANES to explore the As 
distribution and speciation from ingestion exposures to non- 
invasive human biomarkers (such as nails and hair) in Shanxi, 
China [20]. In-situ microdistribution and speciation analysis 
indicate that As was mainly associated with sulfur in nails 
and hair. Nails, rather than hair and urine, could be used as a 
proper biomarker for arsenicosis. Figure 11 shows the spatial 
distributions of As and S in a nail section and As speciation in 
nails and hair [20]. This indicates that combined p-XRF and 
u-XANES measurements improve the comprehensive analyt- 
ical capability of the selected element in a sample. 


C. Micro X-ray diffraction 


Micro-XRD was developed on BL15U1 since 2010. It was 
gradually optimized to meet the users’ need, especially for the 
high pressure u-XRD. Now u-XRD is a routine technique of 
BLI5U1. About 30% of beamtime was allocated to u-XRD 
users per year. 

The u-XRD setup of BL15U1 was optimized for high pres- 
sure Uu-XRD experiment. From up-stream to down-stream, 
2 um (FWHM) beam was provided by K-B focusing system. 
A clean beam profile is obtained by using a pin-hole, which 
can be of 30 um, 50 um and 100 um, chosen on the users’ 
requests (Fig. 12, left). The sample stage has six motorized 
stages. Before an XRD experiment, the first thing is to place 
the axis center of the rotation stage at the center of beam fo- 
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cusing point by adjusting X1 and Y 1 stages (Fig. 12, right). 
During the experiment, the users just need to adjust X2, Y2 
and Z stages to put on the rotation center. A sample, such 
as a diamond anvil cell (DAC), can be fixed on the sample 
stage by using a kinematic base (BKL-4, Newport, USA), 
which can also be used in the off-line ruby system. By using 
a copper cross hair (20 um), we can easily transfer coordi- 
nate between the on-line XRD and the off-line ruby system. 
For finding a sample easily, we placed a PIN diode as photon 
detector between the sample and beam-stop. It can quickly 
move in and out of the beam path by an actuator. A Mar-165 
CCD was used for u-XRD experiment. And if necessary, we 
can replace it by a Mar-345 imaging plate. 


The control and data collection software of the CCD was 
written based on EPICS. A code for 2D XRD scan was devel- 
oped, too. To serve the users requesting high pressure mea- 
surement, an off-line ruby system was installed in prepara- 
tion room of the beamline. A 473 nm laser and a spectrom- 
eter of 1200 g/mm and 300 g/mm gratings (Princeton Instru- 
ments Acton Series) are used. A by-pass CCD camera is used 
for sample observation. Coordinate unification of the ruby 
system and the on-line XRD is mentioned before. So, the 
sample we can be easily found after pressure measurement. 
By adopting the high pressure XRD technique on BL15U1, 
Sun et al. investigated how the iron selenide behaved under 
pressure, which was a new addition to the high-temperature 
superconducting family [21]. Both in-situ high-pressure re- 
sistance and susceptibility measurements were conducted to 
detect the superconductivity of the new iron chalcogenides 
of T]o 6Rbg 4Fe, 67Se, and Kp gFe,; 7Se, at high pressures and 
low temperatures. Their findings were published in Nature 
and Physical Review Letters [21, 22]. Besides the high pres- 
sure XRD, the submicro-XRD will be open to users needing 
smaller beam to study their samples. 
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V. SUMMARY AND OUTLOOK 


During the past six years, BL15U1 has rapidly grown up 
and contributed a lot to much important users’ work, some 
of them were published in Nature, PNAS, PRL, Advanced 
Materials, etc. But this does not mean the development of 
BLI5U1 is finished. We plan to make progress in two major 
fields in the near future: nano probe and micro-scattering. 

In 2013, collaborating with Dr. H. K. Mao, we developed 
X-ray Raman (inelastic X-ray scattering at fixed angle) sys- 
tem for high pressure application. Metallic state of hydro- 
gen is a well-known problem predicted by theorists decades 
ago [23]. But until now, it lacks convinced experimental evi- 
dence. A major challenge is how to detect electronic state of 
hydrogen at extreme high pressure. X-ray Raman is a promis- 
ing technique for this problem as it can directly probe energy 
gap of hydrogen in extreme conditions. We plan to construct 
an inelastic X-ray scattering (IXS) system based on the suc- 
cess of X-ray Raman experiment at BL15U1. The angle range 
of IXS will be from 0° to 90°. To have an energy resolution 
of 0.2 eV for IXS, we will build a high resolution monochro- 
mator with two pairs of channel-cut crystal. 

A nano-focusing (100nm) fluorescence system has been 
built on BLI5U1. But it has not been used so often, as the flux 
is just about 108 photons s~! um~? (0.1% BW)~!@10keV, 
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